OBJECTIVE: To assess the relationships between the regulation of diurnal and food-induced cortisol secretion and anthropometric, metabolic and haemodynamic variables in middle-aged men. SUBJECTS AND METHOD: Salivary cortisols were collected repeatedly (n 7) over an ordinary working day (8 a.m. to 11 p.m.) in a randomly selected population of 284 men, aged 51 y. A standardized lunch was provided, and an overnight low-dose dexamethasone suppression test was performed. These measurements were correlate with the anthropometric factors Ð body mass index, BMI, (kgam 2 ), waist-to-hip ratio (WHR) and abdominal sagittal diameter; the metabolic factors Ð fasting insulin and glucose as well as their ratio, and triglycerides; and the haemodynamic factors Ð systolic and diastolic blood pressures and heart rate. RESULTS: As reported previously two principal types of salivary cortisol secretory patterns can be singled out, one characterized by high morning cortisol levels, a normal circadian rhythm and feedback regulation (dexamethasone) along with a brisk cortisol response to lunch, and another, found in a limited number of men, characterized by low morning cortisols, the absence of a circadian rhythm, a relative resistance to dexamethasone inhibition and a poor lunch-induced cortisol response. The normal cortisol secretory pattern showed negative associations with BMI (P`0.05), WHR (P`0.01), and blood pressures (P`0.001). After stimulation by food intake, negative relationships were found with all obesity measurements, insulin, insulinaglucose ratio, triglycerides, blood pressures and heart rate (all P`0.001). These results suggest that normally regulated cortisol is associated with a favourable somatic health. In contrast, after food intake cortisol secretion, based on an abnormal cortisol secretory pattern, showed consistent positive associations with obesity measurements, insulin, glucose and insulinaglucose ratio, triglycerides, blood pressures and heart rate (all P`0.001). CONCLUSIONS: A normal HPA axis regulation is associated with excellent health anthropometric, metabolic and haemodynamic variables, particularly visible after the physiological stimulus of food intake. This is, however, not the case in men with perturbed HPA axis function where associations in these somatic variables become exaggerated by food intake. We have previously reported that perceived stress-related cortisol is associated with abnormalities in the variables mentioned above, both with a normal and, particularly, with an abnormal function of the HPA axis. It is thus apparent that perceived stress and food intake show separate associations to somatic variables with a normally functioning HPA axis, while with an abnormal regulation of this axis both perceived stress and food intake exaggerate associations to abnormal somatic variables.
Introduction
Several risk factors for prevalent disease are often found together in a cluster which has been labelled syndrome X 1 or, descriptively, The metabolic syndrome. One can view insulin resistance as a cornerstone in this syndrome, since insulin resistance or the resulting compensatory hyperinsulinaemia may explain other components such as hypertriglyceridaemia and hypertension. 1 Abdominal obesity is another component of this syndrome, 2 although not easily put into a reasonable functional context with insulin resistance. One resolution to this seeming dilemma might be that a third factor is causing both insulin resistance and abdominal obesity. This may provide an explanation for the pathogenesis of the syndrome in question. Cortisol might be such a factor, since cortisol is known to cause insulin resistance, and is most likely involved in the pathogenesis of visceral obesity as seen in Cushing's syndrome. 3, 4 Despite growing focus on the relationship between cortisol and obesity, 5 little is known about the cortisol secretion it the subgroup of abdominal obesity. Recent studies indicate the possibility of an increased activity in the hypothalamic ± pituitary ± adrenal (HPA) axis; 6, 7 however, direct conclusive evidence remains lacking. The relationship with urinary cortisol excretion is not very robust, 6 and pharmacological challenge tests of the HPA axis at different regulatory levels have usually been performed with maximal or near maximal doses, 6, 7 providing little information about the sensitivity of the regulatory system.
The assessment of cortisol in saliva provides several advantages over blood cortisol measurements as the collection procedure is non-invasive and stressfree, making it ideal for use in psychoneuroendocrinological research. 8 ± 12 Since salivary cortisol sampling is laboratory independent, it can be applied under a variety of ®eld settings. Cortisol in saliva represents the unbound (`free') hormone fraction and re¯ects accurately the free fraction of cortisol in plasma. 8 Urinary measurements do not reveal the secretory pattern of cortisol, and the technique is usually restricted for practical reasons to an inpatient setting.
To obtain a biochemical evaluation of the HPA axis activity and regulation as complete as possible under everyday life conditions, we made the following considerations. Salivary cortisol measurements were the basis because of the advantages mentioned above. Furthermore, we wanted to design methods that are simple enough to be useful tools for large-scale population and epidemiological studies. First, a shortened day-curve (8 a.m. to 11 p.m.) was collected, covering the circadian variation over the day. A standardized lunch was provided to measure the effects of a physiological stimulus on the cortisol response. Finally, a low-dose dexamethasone (0.5 mgÂ1) suppression test was performed. All this was done by the proband himself under an ordinary weekday in his natural surroundings. These results were compared with anthropometric, metabolic and haemodynamic variables. We have previously reported the profound statistical impact of perceived stress-related cortisol secretion on abnormalities in anthropometric, metabolic and haemodynamic variables. 13 Herein we report the relationships between basal cortisol secretion as well as the response of a physiological challenge (food intake) and the mentioned somatic variables.
Subjects and Methods

Study population
In 1992, a cohort of men (n 1302) were recruited from the National Population Register, Go Èteborg, Sweden. The target population comprised all men born during the ®rst 6 months of 1944 and living in Go Èteborg. Between January and June a questionnaire was sent out to those who were selected; 14 ± 16 1040 (80%) men responded. Based on the self-reported waistahip circumference ratio (WHR), three subgroups were selected and de®ned as follows: 150 with the lowest ( 0.885), 150 with the highest ( ! 1.01) and 150 around the arithmetic mean (0.94 ± 0.96) of WHR. These men were then invited to a health examination during 1995; 284; (63%) volunteered to participate. None were excluded. The study was conducted according to the principles expressed in the Declaration of Helsinki and approved by the ethical committee of the medical faculty of the University of Go Èteborg.
Examinations
All examinations were performed in the morning after an overnight fast, and were accomplished by the same research nurses and technicians.
Anthropometry
Body weight was measured to the nearest 0.1 kg, and height was measured to the nearest 0.01 m. Body mass index (BMI) was calculated as weight divided by the height squared (kgam 2 ). 17 The waist (W) circumference was measured midway between the lower rib and iliac crest, and the hip (H) circumference was measured at the level of the great trochanters. 17, 18 The WHR was calculated as the ratio between the waist and the hip circumferences. The abdominal sagittal diameter (centimetres), an approximation of visceral fat mass, was determined as the distance between the examination table and the highest point of the abdomen in recumbent position. 19 Diurnal salivary cortisol measurements A sampling device called Salivette (Sarstedt Inc., Rommelsdorf, Germany) was used to collect saliva. The Salivate consists of a small cotton swab inside a centrifugation tube. 11 On a random working day, the participants delivered repeated salivary cortisol samples. The cotton swab was chewed for 45 ± 60 s. A sample was obtained in the morning before breakfast (8 ± 9 a.m.) then 11:45 a.m. and 30, 45 and 60 min after a standardized lunch at 12 a.m., 5 p.m. and ®nally before bedtime. The lunch was provided by the laboratory, and contained 266 ± 277 kcal (protein: 18.2 ± 21.0 g: carbohydrate: 33.6 ± 36.4 g: fat: 5.6 ± 6.5 g). The cortisol level after lunch was calculated as the arithmetic mean of the cortisol levels after the standardized lunch, and the diurnal cortisol level as the arithmetic mean of all the cortisol measurements (n 7). Careful oral and written instructions were provided to avoid misunderstanding, and the feasibility of the procedures was tested before the study in about 40 men, not included in the results. The analytical technique in assaying salivary cortisol levels was RIA (Orion Diagnostica, Turku, Finland). This method has negligible cross-reactivity with other endogenous glucocorticoids and cortisol metabolites as well as with exogenous glucocorticoids such as dexamethasone (0.1%).
Dexamethasone suppression test
This test was performed on the next day after the diurnal cortisol measurements. The participants were given two Salivettes and one tablet of dexamethasone (Decadron, MSD Inc., Sollentuna, Sweden) of 0.5 mg. A saliva sample was collected in the morning before breakfast (8 ± 9 a.m.). At 10 p.m. on the second day Cortisol secretion and health R Rosmond et al the dexamethasone tablet was taken, and the following morning the salivary sampling as repeated. The decrease in salivary cortisol level after dexamethasone administration was calculated as the arithmetic mean of the two noninhibited morning cortisol including that of the day curve, minus the cortisol level after dexamethasone intake. The dose of 0.5 mg was chosen because we have previously shown 20 that this dose reveals differences that cannot be discovered with the conventionally used dose of 1 mg. 6 Glucose, insulin and triglycerides Venous blood was obtained in the morning after overnight fasting. Quantitative measurements of insulin in serum were achieved by RIA (Pharmacia Insulin RIA 100, Kabi Pharmacia Diagnostics, Uppsala, Sweden), and the automated glucose analyser ESAT 6660 from Eppendorf 21 was used to determine glucose in whole blood. Triglycerides were measured with an enzymatic procedure in a Boehringer Mannheim Cobas Fara II (Boehringer Mannheim, Germany).
Blood pressure
The blood pressure (BP) was measured two times on the right arm with the participants sitting, using a random-zero mercury sphygmomanometer, 22 with a 5 min rest for the subject before and between readings, and with the auscultation site at heart-level, a peak in¯ation level of 30 mm above radial pulse disappearance, a cuff-de¯ation rate of 2 ± 3 mmHgas and pressure value recorded to the nearest even digit. The heart rate was recorded simultaneously and the individual mean systolic and diastolic BP was calculated as the mean of the two measurements.
Statistics
All data analyses were performed utilizing SPSS for Windows, Release 7.5. Two-tailed tests were used throughout, and a P`0.05 was considered to be signi®cant. Standard methods were used to calculate the descriptive statistics and 90% con®dence intervals. The calculation of cortisol variability have been described in detail previously. 13 Brie¯y, the cortisol variance (v i ) was calculated for each individual based on the repeated measurements of salivary cortisol (n 7). High (v i ) and low (o i 1av i ) cortisol variability was then used in the analyses as a weighting variable.
The relationship between pairs of variables was measured by Spearman's rho, and hypothesis testing on the difference in central tendency was performed by the Wilcoxon signed-rank test. 23 Non-respondent analyses were performed with Fisher ± Freeman ± Halton exact test 23 and the statistical signi®cance was relaxed (P`0.10) to increase the sensitivity to detect potential selection bias.
Results
There were no statistically signi®cant differences in characteristics of respondents and non-respondents, evaluated from previously obtained information, 14 ± 16 concerning hypertension, diabetes mellitus, myocardial infarction, stroke and angina pectoris. . 3.8) respectively. The mean value of diurnal salivary cortisol was 7.4 nmolal with a standard deviation of 3.6, and the mean value of the dexamethasone suppression test was 12.0 nmolal with a standard deviation of 5.3. As indicated by the relatively narrow con®dence intervals, these sample means seem to be suf®cient estimators of the unknown (true) population means (m i ). These data have been published previously 13 but are included here for convenience. Table 2 shows the results of correlation analyses given by Spearman's rho and presented as a matrix. As seen in the table, the diurnal salivary cortisol levels, dexamethasone suppression test, morning cortisol, the cortisol level after lunch, high variability and, negatively, low variability of cortisol measured over the day intercorrelated (all P`0.001). Table 3 presents the relationships between basal, unstimulated cortisol secretion, as well as the cortisol level after lunch, based on high and low cortisol variability, with anthropometric, metabolic and haemodynamic measurements. With high variability, negative signi®cant relationships were found between cortisol secretion and BMI (P`0.05), WHR (P`0.01) as well as blood pressure (P`0.001), The cortisol level after lunch correlated negatively with BMI, WHR and abdominal sagittal diameter as well as insulin, the insulinaglucose ratio, triglycerides, blood pressure and heart rate (P`0. 001). With a low Cortisol secretion and health R Rosmond et al variability, signi®cant negative relationships were found between diurnal cortisol levels and WHR (P`0.05), insulin (P`0.001) and triglycerides (P`0.00l), while positive correlations were found with blood pressure (P`0.001), heart rate (P`0.0l) and the insulinaglucose ratio (P`0.00l). The cortisol level after lunch was positively associated with all measured variables.
Discussion
We have recently shown the powerful impact of stress-related cortisol secretion on anthropometric, metabolic and haemodynamic variable 13 The main emphasis of this study was to examine similar relationships with non-stimulated, diurnal cortisol secretion and the potential impact by food-stimulated cortisol secretion, a physiological challenge stimulating hypothalamic centres differently than perceived stress. 24, 25 As reported previously, salivary cortisol concentration showed, in extremes, two types of secretory pattern. 13 The ®rst is characterized by high morning cortisol values, the normal circadian rhythm (high variability) and a brisk cortisol response to lunch. The other is characterized by a lower morning cortisol peak and circadian rhythm (low variability), and a poor lunch-induced cortisol response. The ®rst type of secretory pattern is presumably that of a normal HPA axis in terms of resiliency and plasticity, while thē attened curve is abnormal. 26, 27 Such abnormal cortisol secretion has previously been found after frequently repeated or chronic challenges of the HPA axis such as by stress. 27 ± 30 The prevalence of this¯at cortisol secretion can not be decided with certainty because of the lack of borderlines, but is estimated to be in the order of 5 ± 10% of the population examined. The different examinations of HPA axis activity were intercorrelated, suggesting that they measure closely related features of the HPA axis. It should be noted that dexamethasone suppression of cortisol secretion was positively related to a high variability of cortisol secretion, and negatively to a low variability. This means that dexamethasone suppression was sensitive with a normal HPA axis activity and blunted when cortisol secretion was abnormal. No conventionally used methods such as urinary cortisol secretion were used since such measurements in a nonclinical setting probably are less reliable and feasible, and do not provide information on the kinetics of cortisol secretion.
Cortisol secretion with high variability was negatively associated with BMI and WHR as well as blood pressures, indicating a healthy condition. This was more apparent after stimulation of cortisol secretion by food intake, where men with a normal HPA axis showed consistent negative relationships to anthropometric values, insulin, the insulinaglucose ratio, triglycerides, blood pressures and heart rate. The food stimulation with a brisk response of cortisol secretion may be considered as a sign of a high plasticity of a normally regulatory HPA axis, and is thus associated with an apparent health n the measured variables. In contrast, with a low variability of diurnal cortisol values, indicating a pathologically regulated HPA 7 0.28*** 7 0.20*** 0.19*** 0.73*** Heart rate (beats/min) 0.04 7 0.14*** 0.14** 0.48*** *P`0.05; **P`0.01; ***P`0.001.
Cortisol secretion and health R Rosmond et al axis, lunch induced cortisol secretion showed consistent positive associations with abdominal obesity, metabolic and haemodynamic abnormalities. The basal pathological diurnal cortisol secretion, indicated by a low variability, was related to both negative (WHR insulin, triglycerides) and positive relationships (insulinaglucose ratio, blood pressures and heart rate). This mixture of results is dif®cult to interpret but we have noticed that such cortisol secretion pattern is often associated with various, frequently occurring environmental stressors, 14, 15, 31, 32 and it may therefore be questioned whether these measurements are indeed mirroring a basal, nonstressed condition.
Taken together, the results suggest that when the hypothalamic processes regulating the circadian variation of cortisol secretion and after food intake are normal and undisturbed, health is remaining. When, however, such a normal HPA axis is repeatedly challenged by perceived stress, cortisol secretion becomes elevated and abnormalities in the periphery fol1ow. 13 When cortisol secretion is abnormal, perturbations of other variables are apparent already wider non-stimulated conditions, becoming clearly more pronounced both after standardized food intake, as shown herein, and after perceived stress as shown previously. 13 It is thus apparent that although the basal diurnal cortisol secretion seems to disclose some associations to the health status of the anthropometric, metabolic and haemodynamic variables measured, this is clearly more visible after stimulations of the HPA axis either by blood intake or perceived stress. 13 This might explain why measurements of diurnal urinary cortisol output without considering HPA axis challenges do not always detect associations with the function of somatic systems, and may not be particularly informative. 6 Insulin resistance and its consequences as well as progressive central obesity are common signs of frequently elevated cortisol levels. 1, 33 This is found after perceived stress with a normally functioning HPA axis. 13 In a minor fraction of the men examined, the abnormal cortisol secretory pattern is not always associated with increased cortisol secretion not own after perceived stress. 13 In such a case cortisol is most likely not the triggering factor for adverse peripheral effects and other mechanisms might be considered. One such factor might be the low secretion of other hormones, a phenomena known to follow HPA axis perturbation. 28 Both growth hormone and testosterone are clearly de®cient with a low, rigid cortisol secretion. As these hormones antagonise the cortisol effects, their balancing function against the effects of cortisol might not be suf®cient at low concentrations and therefore insulin resistance and visceral fat accumulation will be the consequence. 2, 33 This hypothesis is supported by results of intervention studies with growth hormone 34 or testosterone 35 where global improvements are achieved.
A state of HPA axis hyporesponsiveness has been linked to psychosomatic conditions characterized by physical exhaustion, loss of mental energy, sleep and concentration dif®culties such as post-traumatic distress syndrome, 36 chronic fatigue syndrome, 37 burnout syndrome, 38 ®bromyalgia 39 and vital exhaustion. 40 In these conditions, other systems are thought to predominate and contribute to maintain the homeostatic mechanisms such as the autonomic nervous system. 27 ± 29,41 Interestingly, signs of elevated sympathetic nervous system activity such as elevated blood pressure and heart rate appear mainly when die HPA axis regulation is pathological. This is the case both in relation to diurnal secretion, food-stimulated cortisol secretion (see Table 3 ) and after stress-related cortisol secretion, 13 and suggest a parallel activation of the hypothalamic centers for sympathetic and HPA axis stimulation, system that are known to interact at several levels. 27 This assumption is supported by reports of recent studies in another group of men indicating that the HPA axis and the central sympathetic nervous system are activated in parallel (Ljung et al, unpublished) .
In experimental animals, prolonged stress is know, to be followed by dysfunction in the cortisol regulation. 41 Distressing events or situations evoke prominent HPA system activation, which initially habituates as exposure to the stressor is repeated. However, after long-term exposure, the HPA axis will eventually become dishabituated, resulting in a disruption of central regulatory systems and a net decrease of cortisol output. It seems possible that this is the case also in the men studied here where an initially high plasticity and variability and brisk response to food intake or stress 13 may change over a lifetime to be burned out. This may well be associated with prolonged exposure to psychosocial and socioeconomic handicaps, which have beer, reported in these men in relation to the abnormalities in question. 14, 15, 42 Notably, low socioeconomic status is associated with such perturbations both in anthropometric and metabolic variables, 43 and in HPA axis function, dependent on time of exposure. 32 Prospective studies, however, are required to settle this question.
Subtle pathophysiological alterations in the HPA axis activity, resulting in elevated cortisol secretion after lunch, are associated with a polymorphism of the glucocorticoid receptor gene locus in 13.7% of the men studied here. 44 These men might be particularly vulnerable to the impact of a continuously changing and sometimes threatening external environment, resulting in the endocrine, anthropometric, metabolic and haemodynamic abnormalities described herein and previously. 13 In summary, measurements of cortisol secretion in everyday life in a population sample of men have shown that perturbations in cortisol secretion are associated with abdominal obesity, insulin resistance, dyslipidemia and elevated blood pressure, the socalled metabolic syndrome. This seems, however to Cortisol secretion and health R Rosmond et al be apparent particularly when the HPA axis is challenged by perceived stress, and with an abnormally regulated HPA axis, also after stimulation by food intake. Elevated cortisol secretion may explain the both cornerstones of the syndrome, insulin resistance and abdominal obesity through known mechanisms. When, however, the HPA axis is dishabituated, and cortisol levels occasionally not elevated, other mechanisms probably take over the responsibility for the peripheral abnormalities. In contrast, a normal diurnal function of the HPA axis is associated with excellent health. Taken together these observations demonstrate the power of the HPA axis in the regulation of anthropometric, metabolic and haemodynamic factors. This study was performed in men only. Women might well show different results as indicated by preliminary studies 45, 46 and are therefore currently being studied.
